The soluble and ionized calcium and magnesium contents of 18 lots of MuellerHinton agar medium from three different manufacturers were analyzed, and the results were.correlated with medium performance. A standardized disk diffusion test, with Pseudomonas aeruginosa (ATCC 27853) and a 10-pg gentamicin disk, served as an indicator of medium performance. Zone diameters correlated well with the ionized calcium values and the sum of the ionized calcium and soluble magnesium values in the different lots (r = -0.88 for both). Zone diameters correlated poorly with ionized magnesium values (r = -0.57), which were best described by a curvilinear relationship. Supplementation oflots ofMueller-Hinton agar medium with equivalent amounts of calcium and magnesium as the chloride, gluconate, or glycerophosphate salts produced identical decreases in zone sizes. Adjustment of deficient lots of Mueller-Hinton agar medium with ionized calcium or soluble magnesium or both (as the gluconate salts), to match the concentrations in lots that provided satisfactory zone sizes (17 to 19 mm), resulted in performance comparable to that of the control lots. Sixteen strains of Pseudomonas aeruginosa, ranging from resistant to susceptible, responded to cation adjustment in the same manner as the ATCC quality control strain. Satisfactory medium performance can obviously be assured by biological means in aminoglycoside susceptibility testing of Pseudomonas aeruginosa on Mueller-Hinton medium; however, cation adjustment of medium to predetermined levels of ionized calcium and soluble magnesium can now also provide desirable performance levels for P. aeruginosa on Mueller-Hinton medium.
Recently, Kenny et al. (2) described some of the quantitative and qualitative aspects of the relationship between the cation content of Mueller-Hinton medium and the susceptibility of Pseudomonas aeruginosa to aminoglycosides. An interdependence of calcium and magnesium was demonstrated, and it was found that the soluble rather than the total cations affected the system. More specifically, the concentration of ionized calcium, probably the biologically active fraction, correlated best with gentamicin susceptibility. It was hypothesized further that ionized magnesium would also relate in the same way, i.e., resistance to gentamicin would increase directly with the concentration of ionized magnesium in the medium.
This report further defines the role of these cations in the interaction between aminoglycosides, particularly gentamicin, and P. aeruginosa in in vitro susceptibility testing. Inhibition zone sizes were directly correlated with the concentrations of ionized calcium and soluble magnesium in Mueller-Hinton media. The relationships defined in this paper were used to manipulate Mueller-Hinton agar medium to a desired and predictable performance level.
MATERIALS AND METHODS
Media and bacteria. The soluble and ionized calcium and magnesium contents of 18 lots of MuellerHinton agar medium were analyzed, and their performance in testing the susceptibility of P. aeruginosa to gentamicin was evaluated. Media were prepared and separated into soluble and insoluble fractions as previously described (2) . Difco lots (Difco Laborato- ries, Detroit, Mich.) were numbered 620275, 615800, 564372, 640657, 648618, 652161, and 655476. BBL lots ANTIMICROB. AGENTS CHRMOTER.
ElDHQS, and L5DART. GIBCO lots (GIBCO Diagnostics, Madison, Wis.) were numbered 870480, 870304, 870442, 870402, and 970011. P. aeruginosa ATCC strain 27853, the standard gentamicin-susoeptible quality control strain (3), was used to evaluate medium performance in all experiments. Sixteen othier srains of P. aerugnosa were used to determine whether the response of the standard strain (ATCC 27863) was representative of a population of P. aeruginosa isolates challenged with gentamicin. One of these straBins, from the Mayo Clinic, had been previously studied for its response to agar supplementation with calcium and magnesum (4 (Table 1) .
There was a considerable range of values for calcium and magnesium in the lots of MuellerHinton agar medium examined. Soluble calcium content ranged from 1.14 meq/liter to 3.14 meq/ liter. Although the GIBCO lots tended to be somewhat lower in soluble calcium than the Difco and BBL lots, these differences were not apparent for ionized calcium content. The relationship of ionized calcium to soluble calcium separated the media into two distinct groups. In all of the GIBCO lots, the ionized calcium was approximately 61% (57 to 66%) of the soluble calcium, but the ionized calcium was approximately 35% (29 to 40%) of the soluble calcium in the BBL lots; both groups were represented among the Difco lots. In contrast, the ionized magnesium content ranged from 0.19 meq/liter to 2.79 meq/liter, or from 11 to 122% of the soluble magnesium. (The latter figure, for BBL lot ElDHQS, results from the variation in both medium preparation and assay.)
The inverse relationship of zone diameter to cation content of the 18 lots of media, as described by correlation coefficients (r), ranged from -0.42 to -0.88. The best correlations were found for ionized calcium and for the sum of ionized calcium plus soluble magnesium: -0.88 in both cases. The results with ionized magnesium were not as convincing. The correlation was best described by a curvilinear regresion, but even so, the r value was low (-0.53).
Media supplementation. Unsupplemented (Fig. 1) and were not significantly different from those of the control group (average, 17.8 ± 0.4 mm) ( Table 1 ). The mean concentrations of ionized calcium and soluble magnesium were 1.09 ± 0.11 meq/liter and 1.71 ± 0.14 meq/liter, respectively, in the supplemented media. These cation concentrations were not significantly different from the target concentrations of the control media.
(iii) Poeudomonas population response. We used 14 additional clinical isolates of P. aeruginosa to test the performance of cationsupplemented Mueller-Hinton agar media with a representative population of this species (Table 3). We also wished to determine whether the response of P. aeruginosa ATCC 27853, the recommended quality control strain (3), was typical of P. aeruginosa strains as a group on cation-supplemented media. Concentrations of ionized calcium and soluble magnesium in the supplemented media averaged 1.12 ± 0.09 meq/liter and 1.67 ± 0.14 meq/liter, respectively, approximately the same as the target cation concentrations of the control media (ionized calcium, 1.05 ± 0.13 meq/liter; soluble magnesium, 1.71 ± 0.15 meq/liter). Individual strains showed a range of reduction in gentamicin zone diameters from unsupplemented to supplemented media. For example, the mean differences in responses were 2.5 mm for strain UH400, 1.8 mm for strain UH805, and 1.9 mm for the standard strain, P. aeruginosa ATCC 27853. Overall, there was a reduction of 2.0 mm in gentamicin zone diameters for the P. aeruginosa population on the supplemented media: 18.3 ± 2.3 mm versus 16.3 ± 2.5 mm for the same unsupplemented lots of medium. Thus, target concentrations of cations were achieved in the supplemented media, and the population of P. aeruginosa responded as predicted by the control strain in gentamicin disk susceptibility tests on the supplemented media. There was, however, a significant difference of 0.8 mm (P = 0.01, Student's t test) in the mean of the gentamicin zone diameters from tests on the supplemented media (16.3 ± 2.5 mm) and tests performed on the control lots of media (15.5 ± 2.4 mm).
DISCUSSION
In this investigation, we demonstrated that predictable gentamicin inhibition zone sizes for P. aeruginosa ATCC 27853 on Mueller-Hinton agar medium could be achieved by adjustment of ionized calcium and soluble magnesium in the agar to target levels. The target levels in this case were 1.71 meq/liter for soluble magnesium and 1.05 meq/liter for ionized calcium, and they were based on the performance of Mueller-Hinton agar media from three manufacturers which gave inhibition zone sizes within the recommendation of the National Committee of Clinical Laboratory Standards. Previously, the direct effect of ionized calcium on aminoglycoside inhi- (Table 1) . P. aeruginosa was tested for susceptibility to gentamicin by disk diffusion on each of the prepared media. Symbols: 0, concentrations before agar manipulation of ionized calcium (0. 70 ± 0.08 meqlliter) and soluble magnesium (1.21 ± 0.51 meql liter); 4: concentrations after agar manipulation of ionized calcium (1.09 ± 0.10 meqlliter) and soluble magnesium (1.71 ± 0.14 meqlliter). Area within the curves represents the 95% confidence interval for the regression equation relating the sum of ionized calcium plus soluble magnesium (milliequivalents per liter) to the gentamicin disk zone diameter. The shaded area represents the target gentamicin disk zone size of 17 to 19 mm. bition zone sizes for P. aeruginosa was demonstrated, and it was hypothesized that ionized magnesium would directly influence these tests on Mueller-Hinton agar as well (2) . We present evidence here, however, that indicates that ionized magnesium has at best only a secondary influence on the inhibition zone size. It is equally clear that the ionized calcium and soluble magnesium fractions in Mueller-Hinton agar directly influence the gentamicin inhibition zone size for P. aeruginosa. These data suggest that the allowable range of these two fractions must become stringently defined if predictable and consistent gentamicin inhibition zone sizes are to be achieved.
Predictable Mueller-Hinton agar medium performance has been successfully achieved by defining a narrow range for these two distinct cation fractions in this study. It can be achieved by either rigorous selection of Mueller-Hinton agar or accurate adjustment of media deficient in ionized calcium or soluble magnesium or both. The choice of calcium and magnesium salts (as chloride, gluconate, or glycerophosphate) that would be best for medium supplementation was investigated because of the suggestion of Waterworth (8) that the type of salt used may influence gentamicin inhibition zone sizes for P. aeruginosa. Our findings indicate that addition of calcium or magnesium in the three salts tested increases but does not disturb the distribution of ions within the soluble phase of the media used in these studies and has no measurable difference in effect on the gentamicin inhibition zone diameters with any of the control strains tested. The apparent discrepancy in our findings and those cited by Waterworth (8) may be due to different media or to different anion-binding agents in the media, such as phosphates, which will influence the distribution of the cations in the previously described fractions. This aspect, however, remains to be investigated.
The objective of testing the representative nature of our observations with the control strain P. aeruginosa 27853 was to insure that other strains respond accordingly on manipulated media. The response of all of the strains tested to the adjustment of calcium and magnesium in Mueller-Hinton agar was in the same direction, with an average decrease in zone diameter of 2.0 mm. Comparison of the response of this population in adjusted media and control media indicates, however, that a statistical difference in inhibition zone diameters does still exist. This may be reflective of a strain-related response; for example, the two strains which were the most resistant in our population appeared to be more responsive to adjustment of the ionized calcium and soluble magnesium levels in the agar. The sample size is too small, however, to make any definitive statements concerning strain differences. It is also possible that another medium component, such as zinc as postulated by Washington et al. (7), may modulate in a small but significant manner the response of P. aeruginosa on Mueller-Hinton agar. It should be emphasized, though, that the response of this small population of P. aeruginosa to manipulated and control media is not important clinically. In fact, the average inhibition zone size for both groups when the values are adjusted to the nearest millimeter is 16.0 mm.
In summary, we demonstrated that selecting 
